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Abstract  
 
This paper assesses the capacity to provide semipermeability of the synthetic layer of 
surface-active phospholipids created to replace the depleted surface amorphous layer 
of articular cartilage. The surfaces of articular cartilage specimens in normal, 
delipidized, and relipidized conditions following incubation in Dipalmitoyl-
phosphatidylcholine and Palmitoyl-oleoyl-phosphatidylcholine components of the 
joint lipid mixture were characterized nanoscopically with the atomic force 
microscope and also imaged as deuterium oxide (D2O) diffused transiently through 
these surfaces in an MRI enclosure. The MR images were then used to determine the 
apparent diffusion coefficients in a purpose-built MATLAB®-based algorithm. Our 
results revealed that all surfaces were permeable to D2O, but that there was a 
significant difference in the semipermeability of the surfaces under the different 
conditions, relative to the apparent diffusion coefficients. Based on the results and 
observations, it can be concluded that the synthetic lipid that is deposited to replace 
the depleted surface amorphous layer of articular cartilage is capable of inducing 
some level of semipermeability.  
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INTRODUCTION 
 
This paper reports on a proof-of-concept study of the functional viability (with respect 
to the diffusion) of an artificial lipid membrane that is aimed at “resurfacing” the 
degrading surface of articular cartilage. The articular surface consists of an organized, 
multi-layered, lipid-filled surface amorphous layer (SAL) or superficial phospholipid 
layer (SPL) of microscopic thickness (450 - 850 nm) [1-3] and pressurized fluid that 
weeps out from its fluid saturated gel-like matrix [4-7] during physiological function. 
This lipid layer is also known as surface-active phospholipid (SAPL) which has been 
shown to impart highly desirable physico-biochemical function to the cartilage such 
as semipermeability [8]. The capacity of the SAPL to act as a semipermeable 
membrane allows it to control the diffusional transport of fluid and polar solutes into 
and out of the avascular cartilage tissue [8,9]. However, when cartilage is diseased or 
degenerated, its surface is often the first victim of attack, thereby resulting in lipid 
depletion [10]. This loss consequently affects the smooth physiological function of the 
tissue and, more relevant to this present work, its semipermeability characteristics, 
thereby hampering mobility and human activities [11-15]. Resurfacing of degraded 
cartilage surface with synthetic phospholipids might be a possible remedy for 
reversing this problem [13,16,17]. 
 
The surface layer of articular cartilage described above performs unique functions, 
which facilitate the well-being of the physiological joints, namely, load-spreading, 
lubrication, and semipermeability [8,18-20]. Consequently, the test for viability of any 
engineered surface layer replacement must include the ability of such layers to deliver 
these important functions. This paper addresses the semipermeability of synthetic 
lipid-based replacement for the surface amorphous layer of degraded articular 
cartilage. We examined the semipermeability of the layers of saturated Dipalmitoyl-
phosphatidylcholine (DPPC), which had been previously used in a clinical trial [13], 
and Palmitoyl-oleoyl-phosphatidylcholine (POPC) an abundant unsaturated 
component of the lipid mixture of the articulation joints of mammals, which has not 
been used for such purpose before, to provide semipermeability.  
 
In our previous study [3], we established that it is possible to recreate the lost surface 
amorphous layer of degraded articular cartilage using synthetic phospholipids (DPPC 
and POPC), and assessed the rigidity of the layers created. In this paper, we continue 
the evaluation of this lipid-based surface overlay of DPPC and POPC relative to their 
ability to provide a diffusion barrier for the exchange of nutrients and expression of 
wastes, namely semipermeability. To this end, magnetic resonance imaging (MRI) 
was used with deuterium oxide (D2O) as the diffusion agent, and the comparisons 
between the apparent diffusion coefficients from the completely delipidized cartilage 
surface, surfaces carrying artificial/synthetic lipid layers, and normal cartilage with 
intact surface layers, was conducted. 
The atomic force microscope (AFM) was used to characterize the samples 
nanoscopically under the three surface conditions (normal, delipidized, and 
relipidized) before MRI measurements to ascertain the exact condition of the surfaces 
used in our experiments and the effect of relipidization. Finally, the MRI data was 
used to determine the apparent diffusion coefficients using a computational scheme 
that was developed with MATLAB® (MathWorks, Natick, Massachusetts, United 
States of America). 
 
PERTINENT THEORY 
 
The diffusion of fluids or solutes within a medium can be modelled based on Fick’s 
mathematical theory of diffusion, which is generally known as Fick’s law [21]. For 
diffusion processes reducible to a single dimension, Fick’s second law of diffusion 
has the form  
ࣔࢉ
ࢊ࢚ = ࡰ
ࣔࢉ૛
ࣔ࢞૛ 
                                      (1) 
where c is the concentration of the diffusing species, in the present case water (H2O), 
D is the diffusion coefficient (diffusivity) of the species in the medium (m2/s), x is the 
path length or thickness of the sample (m) and t is time (s) [22]. In this present work, 
the 1D solution is appropriate because the sample was approximated as a constant-
thickness layer of articular cartilage. 
 
To determine the apparent diffusivity of water (H2O) in articular cartilage under 
normal, delipidized, and relipidized conditions using magnetic resonance imaging 
(MRI), we measured the efflux of H2O out of the tissue through the articular surface. 
The experiment was setup such that a bone-cartilage plug was immersed in a 
deuterium oxide (D2O) environment, and the efflux of H2O was monitored in real 
time via a series of proton (1H) magnetic resonance imaging measurements. The 
intensity of the image in each volume element (voxel), at any given time is 
proportional to concentration of H2O in that voxel [23].  The apparent diffusion 
coefficient was computed from a fit of the experimental data to the solution of the 
diffusion equation (1) using appropriate boundary conditions derived from the 
experimental set up.  
 
The generalized analytic solution to Equation (1) can be obtained using the separation 
of variables method [22]. 
ࢉ(࢞, ࢚) = 	 ෍[࡭࢓	
ஶ
࢓ୀ૙
ܛܑܖ(ࣅ࢓࢞) + ࡮࢓	 ܋ܗܛ(ࣅ࢓࢞)]ࢋିࣅ࢓૛ ࡰ࢚ 
                                                                                                                          (2) 
where the coefficients Am, Bm are dependent on the initial condition (IC) and the 
eigenvalues λm are dependent on the boundary conditions. 
 
In order to adapt the general solution given by equation (2) to the experimental set up 
employed in this present work, one initial condition and two boundary conditions are 
required. The following initial condition and boundary conditions were used: 
IC = C(x, t = 0) and BCs = C(t) or C′(t) at the boundary 
(i) Initial condition (IC): 
 
ࢉ(૙ ≤ ࢞ ≤ ࢇ) = ࢉ૙ 
ࢉ(࢞ < 0) = ૙ 
ࢉ(࢞ > ܽ) = ૙ 
                                                                                                                 (3)  
                  
where c0 is the initial concentration of H2O in the tissue and a is the thickness of 
sample (measured from the bone-cartilage interface to the articular surface) 
 
(ii) Boundary condition at the bone-cartilage interface (BC1): 
Reflective boundary condition was imposed at the bone-cartilage interface (࢞ = ૙). 
This is due to the impermeable nature of this interface [22]. The H2O molecules 
diffuse in the positive ࢞ direction. Therefore, the diffusion flux across this interface 
was taken as:  
ࣔࢉ(࢞, ࢚)
ࣔ࢞ |࢞ୀ૙ = ૙ 
                                                                                                        (4) 
(iii) Boundary condition at the articular surface (BC2): 
Absorbing boundary condition was imposed at the articular surface (࢞ = ࢇ). The 
concentrations of H2O at this position are kept at zero, but their first derivatives are 
not zero, and there is a non-zero net flux through the articular surface [22]. Therefore, 
the BC at the articular surface is  
                              ࢉ(࢞ = ࢇ, ࢚) = ૙                                          (5) 
The approximations used in equations (4) and (5) were made on the basis of the 
diffusion profiles observed in our preliminary experiments and by Kokkonen et al. 
[24].   
Solving equation (2) subject to the initial and boundary conditions (equations (3-5)) 
yields the solution 
ࢉ(࢞, ࢚) = 	 ࢉ૙ ෍
૝(−૚)࢓
࣊ + ૛࣊࢓܋ܗܛ(ࣅ࢓࢞)
ஶ
࢓ୀ૙
ࢋିࡰ࢚ࣅ࢓૛  
                                                                                                    (6) 
where       ࣅ࢓ = ࣊ࢇ ቀ࢓ +
૚
૛ቁ. 
 
The parameters ࢉ૙, ࢇ, ࢚	and D were adjusted during the least square fitting (LSF). The 
parameter D has the meaning of the apparent diffusion coefficient because it is 
dependent on the distribution of the local diffusivities at different locations as well as 
the permeability of the tissue. D is therefore a lumped/composite parameter [25]. The 
apparent diffusion coefficient of water in cartilage, D was determined from a fit of 
equation (6) to the results from the MRI measurements using a specifically designed 
computational scheme written in MATLAB®. A noise term was also introduced to 
equation (6) during the least square fitting to account for the positive noise level in the 
MR images. This allowed for the optimum treatment of the experimental data.  
 
MATERIALS AND METHODS 
 
The experimental protocol for the atomic force microscopy imaging, MRI 
measurements, and computational analysis is presented in Figure 1. 
 
Articular cartilage samples  
 
Articular cartilage specimens were prepared from the patellae of 3-4 year old bovine 
animals (n = 5) harvested from the local abattoir and stored at -20oC until required for 
testing. The samples were thawed out in continuous running water at room 
temperature and kept in phosphate buffered saline (PBS) solution prior to testing. A 
13 mm diameter stainless steel punch was used to cut twenty osteochondral plugs (4 
samples per patella), containing full thickness articular cartilage-bone laminate from 
the thawed joints. The samples were divided into three groups (A, B, and C) and 
placed in PBS solution for 1h for rehydration and equilibration until ready for further 
processing, followed by AFM and MRI measurements. The first group of samples 
(A), comprising of normal intact specimens was used for the control experiments 
without surface modification, while the second (B) and third (C) groups were set aside 
for delipidization and relipidization respectively. The delipidization and relipidization 
procedures will be described in the following sections.  Figure 1 shows the schematic 
flowchart of the experimental process. 
 
Deuterium oxide-Phosphate Buffered Saline (D2O-PBS) Solution 
 
The D2O-PBS solution that was used for the MRI experiments was prepared by 
dissolving 0.5 mg mL-1 of sodium azide, NaN3 (Sigma-Aldrich, New South Wales, 
Australia), and 0.99g of PBS (Sigma-Aldrich, New South Wales, Australia) in 100ml 
of 99.9% D2O (Merck Chemicals, Victoria, Australia) [23]. The resulting solution 
was tightly enclosed and stored in a cool area during the entire period of the 
experiment. 
 
Removal of Surface Lipids (Delipidization)  
 
The normal intact samples from the second (B) and third (C) groups already imaged 
with the AFM were subjected to delipidization which involved wiping of the surface 
of cartilage progressively with kimwipes that had been soaked in Folch reagent (i.e. a 
mixture of chloroform:methanol (2:1)) [26,27]. After the delipidization process, the 
specimens (n = 15) from the two groups (B and C) were placed in PBS for 30 min for 
rehydration and to remove the lipid rinsing agent and any organic solvent left on the 
surface of the tissue. After rehydration, the group B specimens (n = 5) were set aside 
for AFM and MRI measurements while the group C samples (n = 10) were used for 
relipidization.  
 
Surface Relipidization 
 
The analysis of the SAPLs of bovine cartilage, using high performance 
chromatography (HPLC), revealed that they consist of both saturated and unsaturated 
species with the latter present in higher proportion [28,29]. The analyses of the 
composition of the SAPLs in the mammalian knee joints reveal that they mostly 
contain unsaturated phospholipids; 30% palmitoyl-linoleoylphosphatidylcholine 
(PLPC), 23% dilinoleoyl-phosphatidylcholine (DLPC), 17.5% palmitoyl-oleoyl-
phosphatidylcholine (POPC) and 16% stearoyl-linoleoylphosphatidylcholine (SLPC), 
coexisting in a mixture with a small quantity of saturated dipalmitoyl-
phosphatidylcholine (DPPC), which makes up only 8% of the entire mixture[29].  
 
In this study, two types of synthetic lipids were used, as it is not known at this stage if 
the entire mixture is required to completely repair degenerating cartilage surface. The 
two representative species used are; Palmitoyl-oleoyl-phosphatidylcholine (POPC), 
unsaturated phospholipids, and dipalmitoyl-phosphatidylcholine (DPPC), saturated 
species. This study will be extended in future to mixtures containing all components 
in the right joint compositions. As mentioned above, DPPC contributes the lowest 
proportion (8 wt. %), while POPC (17.5 wt. %) is present at almost twice the 
proportion of DPPC.  
 The group C samples already delipidized (n = 10) were divided into two sets and 
transferred into labelled test tubes containing 5ml of 1 wt. % of POPC in aqueous 
solution (Avanti Lipids, Alabama, USA). The test tubes were placed in a radial 
agitating incubator and maintained at 37° C. The samples were incubated for 24h as 
required. Our preliminary work [3,17] demonstrated that this time interval was 
enough for effective deposition of the synthetic lipids on the cartilage surface.  
 
The remaining samples (n = 5) were transferred into labelled test tubes containing 
DPPC (Avanti Lipids, Alabama, USA), with the same concentration as POPC. The 
test tubes were placed in an incubation chamber which was set at 43°C. A higher 
temperature was used to increase the solubility of DPPC, because it does not dissolve 
in aqueous solution at the normal body temperature of 37° C [16]. After the 
incubation, each sample was removed from its test tube container and then rinsed in 
PBS solution, prior to AFM and MRI measurements.  
 
Atomic Force Microscope (AFM) Imaging  
 
Surface imaging was performed to demonstrate the effect of delipidization on the SAL 
of cartilage and to determine the effectiveness of the relipidization process (i.e., to 
ensure that the replacement synthetic phospholipids did adhere to the delipidized 
cartilage surface), before the samples were used for the diffusion studies. 
Imaging was conducted on samples from the three groups (A, B and C), with each 
sample immersed in PBS solution in accordance with the protocol previously 
published [3,17]. The surfaces of osteochondral plugs (13 mm diameter) with full 
thickness articular cartilage, still attached to the underlying bones, were imaged. The 
bone sub-layer was dried with a paper towel and glued onto a Petri dish (1.5 cm in 
diameter) using a two-sided adhesive tape and a fast-drying  Loctite® 454 glue 
(Henkel PTY Ltd, Victoria, Australia). After securing the cartilage to the sample 
holder, the specimen was submerged in PBS solution ready for AFM imaging using 
the SMENA® head of the NT-MDT P47 Solver scanning probe microscope (SPM) 
(NT-MDT, Moscow, Russia). The imaging was performed with a very soft triangular 
cantilever (spring constants of between 0.05 - 0.10 kN/m) carrying appropriate 
contact tips (Veeco probes, California, USA). Our preliminary experiments and 
previous studies [3,17] showed that rectangular cantilevers were not suitable for 
imaging cartilage. Before imaging, the instrument was allowed to undergo thermal 
relaxation for 30 minutes to minimize the drift of the cantilever deflection angle [30]. 
The imaging was performed on the normal, delipidized, and relipidized specimens 
that were used for the diffusion experiments.  
 
Magnetic Resonance Imaging (MRI) 
 
Magnetic resonance imaging was conducted using a Bruker Avance nuclear magnetic 
resonance (NMR) spectrometer (Bruker BioSpin, Ettlingen, Germany) with a 7.0 T 
vertical bore magnet operating at room temperature. The system was equipped with a 
1.1 Tm-1 (110 G cm-1) triple-axis gradient set and a Micro2.5 microimaging probe.  
The radiofrequency (RF) coil used in the imaging was a 15 mm birdcage proton (1H) 
resonator (Bruker BioSpin, Ettlingen, Germany). The test specimen was immersed in 
PBS solution inside a 15 mm NMR tube with custom-made Teflon plugs designed to 
orient the cartilage sample with the normal to the articular surface aligned at the 
“magic angle” (54.7°) with respect to the static magnetic field B0. This facilitated the 
interpretation of the data by maintaining relatively uniform transverse relaxation rates 
across the depth of the cartilage in the acquired multi-spin multi-echo (MSME) 
images [31].  
 
The NMR tube containing the specimen was placed inside the RF coil and carefully 
mounted in the spectrometer. The position of the sample was marked on the tube and 
the coil to ensure that the sample could be returned to the exact initial position for the 
next experiment. This was done to ensure that the imaging plane was perpendicular to 
the articular surface. After mounting the RF coil in the MRI spectrometer, multi-spin 
multi-echo (MSME) 2D images of selected slices were acquired for normal intact 
cartilage specimens (from group A) firstly in PBS solution. The imaging parameters 
were as follows: repetition time (TR), 1000 ms, echo time, 7 ms, and one average per 
slice, using a 1 mm slice thickness, a field of view (FOV) of 20 mm X 20 mm, and a 
128 X 128 matrix size. Following the measurements, the sample was removed from 
the tube and placed in PBS solution, while the NMR tube was allowed to dry before 
the next experiment to avoid the alteration of the concentration of the D2O–PBS 
solution that will be used for the diffusion study.   
 
The sample already imaged was brought out of the PBS solution, dabbed carefully 
with paper towel and its lateral sides (including the sub-layer bone) was covered with 
fast-drying Loctite® 454 glue to prevent the D2O and H2O from diffusing laterally 
during the diffusion experiment, thereby constraining the fluid flow to one direction 
(i.e. only through the articular surface) [24]. The glued sample was placed back in the 
NMR tube and a measured volume of D2O–PBS solution was added. The tube was 
inserted into the RF coil, mounted in the spectrometer and the measurements 
previously conducted for the sample in pure PBS solution were repeated for the 
specimen in D2O-PBS solution as a time course. The time taken between the addition 
of the D2O-PBS solution and the acquisition of the first MSME image was noted on 
the stopwatch. Subsequent MSME images were acquired during the following the 2.5 
hr. Within this period, over 50 images were obtained and the time interval between 
each acquisition was approximately 150s. Preliminary studies showed that the 2.5 hr 
timeframe was sufficient for almost complete replacement of H2O with D2O in the 
cartilage sample. The experiment was then repeated for the delipidized and the 
relipidized samples from groups B and C respectively. After measurements were 
completed, the acquired images were exported, ready for computational analysis.  
 
Determination of Apparent Diffusion Coefficients  
 
This section presents the numerical iteration scheme for determining the apparent 
diffusion coefficients (D) from the time series of MR images. The first step of the 
analysis involved converting each image in the time series to the depth profile of H2O 
signal intensity (Figure 7). Figure 7 was constituted into an array of depth- and time-
dependent signal intensities [ࢉ: ࢞: ࢚] which contained the H2O signal intensities for 
every depth, every time point in the time series. This array was used as the input for 
the least square fit (LSF) procedure, where the entire constituted data set was 
subjected to fitting over the time range t	 = 0	to	9000	s (the duration of the time 
series) and the range of ݔ from 0 to ܽ (estimated sample thickness) using equation (6). 
The fit used the initial and boundary conditions in equations (3-5) and had five 
adjustable parameters namely, H2O signal intensity in the tissue before D2O ingress 
(ܿ଴), sample thickness (ܽ), apparent diffusion coefficient (D), exposure time of 
sample to the D2O-PBS solution (ݐ଴), and a noise term (ܿଵ).  
 
The fitting was conducted in accordance with the least squares method and 
incorporated a noise term with the other adjustable LSF parameters described in the 
section following equation (6). The iteration involved selecting a region of interest 
(ROI), which is normally a flat region of the cartilage matrix from a relevant MR 
image; and the sample thickness at this region determined by the software. During this 
process, the concentration profiles which represent the distribution of H2O across the 
depth of cartilage (Figure 7) for all time steps were fitted simultaneously. The value 
of the apparent diffusion coefficient was determined as the value of ܦ corresponding 
to the converged fit (Table 1). The LSF analysis was implemented in a MATLAB®-
based interface designed in-house.  
 
Statistical Analysis 
 
Statistical analyses were conducted to determine the significance of the measured 
apparent diffusion coefficients. The mean and standard deviation of the apparent 
diffusion coefficients for normal, delipidized, and relipidized cartilage samples are 
presented. A two-tailed, unpaired Student’s t-test with Welch correction was used to 
appraise the data. The analysis revealed a high level of statistical confidence (p < 
0.05) at 95% in the differences between the apparent diffusion coefficients of the 
specimens tested, namely, delipidized, relipidized (with POPC and DPPC), and 
control (normal intact). The method of analysis of variance (ANOVA) with repeated 
measures and corrections for multiple comparisons according to the Bonferroni post 
hoc tests was also used to determine the statistical differences between the different 
groups of samples, with the analyses conducted using a significance level of p < 0.05 
or a 95% confidence interval. 
 
RESULTS  
 
The topographical images of articular cartilage specimens with normal intact, 
delipidized, and relipidized (in aqueous solutions of POPC and DPPC) surfaces were 
acquired with the AFM (Figures 2-5). An investigation of the 3D resolved AFM 
image of the unaltered cartilage surface (Figure 2) showed a unique organization of 
the SAL in a lamella-like arrangement as previously described by Hills et al. [32]. 
Wiping of the intact surface with lipid rinsing reagent resulted in a noticeable change 
in the surface topography (Figure 3). Thus, confirming the effectiveness of the 
delipidization process. On the other hand, relipidization in POPC partially restored the 
lost SAL nanostructural surface patterns (Figure 4); and the incubation in DPPC did 
not yield any significant improvement in the surface configuration relative to normal 
intact cartilage surface (Figure 5).  
 
The average apparent diffusion coefficient computed for the delipidized specimens 
was significantly higher than those of their normal counterparts (p = 0.003, Table 1). 
Upon incubation of the artificially delipidized tissue samples in synthetic POPC and 
DPPC solutions, the average apparent diffusion coefficients were significantly 
lessoned with p = 0.0354 (for POPC) and p = 0.0136 (for DPPC), respectively. When 
compared with the untreated specimens, there was a significant difference from the 
surfaces exposed to POPC (p = 0.0065) and DPPC (p = 0.004). Although, the average 
apparent diffusion coefficient of the POPC-treated samples was slightly lower than 
that of the DPPC, there was no statistical difference between them (p = 0.7809, Table 
1). 
 
DISCUSSION 
 
Semipermeability is a major functional characteristic of the articular cartilage surface 
and it is one of the significant factors determining its physiological efficacy. It is 
therefore necessary that any research on layering the artificial surface of degraded 
cartilage with synthetic phospholipids, which is the objective of this research, 
includes a test of the capacity of such surfaces to provide semipermeability to both 
fluid and microconstituents. The experimental research that has been conducted using 
POPC and DPPC to “resurface” delipidized cartilage samples provides contrasting 
surface properties, i.e. saturated and unsaturated artificial phospholipid layers against 
which semipermeability can be tested. The atomic force microscope (AFM) 
observations, which are in complete agreement with our earlier results [3], 
demonstrate that the results presented in this paper can be considered with confidence, 
to represent the diffusion barriers or permeability properties of the surfaces with 
different surface lipid configurations/structure. 
 
The MRI results can be considered to represent the combined effect of the surface 
permeability and subsurface diffusion characteristics of the various tissue groups. 
Given that the surface amorphous layer lipid membrane is quite thin, it can be argued 
that the results obtained for the apparent diffusion coefficients are good indicators of 
the permeability/semipermeability of the lipid membranes of the surface-active 
phospholipids. This suggests that the measured average apparent diffusion 
coefficients (Table 1) that are presented in the paper should be treated with caution. 
Nevertheless, the data provide a good comparison and estimate of the permeability 
properties of the normal, delipidized, and relipidized cartilage samples studied, since 
it can be deduced from Fick’s first law of diffusion that the rate of diffusion (diffusion 
flux) across a membrane, such as the articular surface, is directly proportional to the 
permeability of the membrane [21]. In addition, diffusion flux is proportional to 
diffusion coefficient, providing supporting evidence for the assumption made in the 
comparisons of the permeability of the different surfaces studied. 
 
Furthermore, the results from the numerical analyses of our MRI data reveal a 
significant difference between the diffusion characteristics of normal and delipidized 
samples, thus establishing that the delipidization process resulted in a significant 
change in the semipermeability property of the tissue (p = 0.003, Table 1, Colum 2, 
Rows 2 and 3) following the loss of the lipid layer. The measured average apparent 
diffusion coefficient for the delipidized specimens was significantly higher (about 
52%) than that of the corresponding normal counterparts. Upon relipidization in 
POPC and DPPC, there was a considerable decrease in the average apparent diffusion 
coefficient of the delipidized specimens, about 14.7% and 13.4% respectively. When 
compared with the normal intact sample surfaces, the POPC and DPPC laid surfaces 
were significantly higher, about 29.7% and 31.5%, respectively. Given that the 
diffusion coefficient is directly proportional to the permeability [21],  these results 
provide evidence that the synthetic phospholipid layer laid artificially to surface of 
delipidized cartilage is capable of modifying a highly permeable delipidized cartilage 
surface to a more semipermeable state (Figure 8). Although, the apparent diffusion 
coefficients of the resurfaced cartilage were still higher than those of the normal intact 
samples, we infer that this is practically the effect of not using the full array of the 
surface amorphous layer membrane phospholipid species in the “resurfacing” 
exercise.  
 
CONCLUSION 
 
We have demonstrated, albeit with individual components of the normal phospholipid 
surface amorphous layer overlaying the articular cartilage, that it is possible to modify 
the permeability of the delipidized cartilage surface, reconstituting it to a form 
approaching the normal intact surface behaviour. This result adds further support to 
the hypothetical position that it is possible to artificially “resurface” a degenerating 
articular cartilage, especially in the early stage condition such as osteoarthritis, by 
introducing phospholipid mixtures into the joint space. We acknowledge that this 
work is only at the proof-of-concept stage and still requires significant further 
research, in which all the lipid constituents and other components of the joint fluid, 
such as lubricin and hyaluronic acid are applied.    
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